The large number of sequences available for the aquaporin family represents a valuable source of information to incorporate into three-dimensional structure determination. Phylogenetic analysis was used to de®ne type sequences to avoid extreme over-representation of some subfamilies, and as a measure of the quality of multiple sequence alignment. Inspection of the sequence alignment suggested eight conserved segments that de®ne the core architecture of six transmembrane helices and two functional loops, B and E, projecting into the plane of the membrane. The sum of the core segments and the minimum lengths of the interlinking loops constitute the 208 residues necessary to satisfy the aquaporin architecture. Analysis of hydrophobic and conservation periodicity and of correlated mutations across the alignment indicated the likely assignment and orientation of the helices in the bilayer. This assignment is examined with respect to the structure of the erythrocyte aquaporin 1 determined by electron crystallography. The aquaporin 1 tetramer is described as three rings of helices, each ring with a different exposure to the lipid environment. The sequence analysis clearly suggests that two helices are exposed along their whole lengths, two helices are exposed only at their N termini, and two helices are not exposed to lipid. It is further proposed that, besides loops B and E, the highly conserved motifs on helices 1 and 4, ExxxTxxF/L, could line the water channel.
Introduction
The structure determination of the red blood cell water channel, aquaporin 1 (AQP1), is approaching the level of atomic resolution (Mitsuoka et al., 1999) . At the same time a large number of sequences from the aquaporin family (formerly called the MIP family) are becoming available , providing an alternative source of information which can aid structural determination.
The aquaporins are proteins occurring in the majority of organisms, functioning as channels for non-ionic compounds. AQP1 was the ®rst shown to be a highly speci®c water channel of the human red blood cell (Preston et al., 1992) . However, the ®rst aquaporin sequenced was the major intrinsic protein (MIP) of the eye lens (Gorin et al., 1984) , and the family was called the MIP family. Due to confusion arising about this acronym, the family has been renamed the``aquaporin'' family .
Particularly intriguing are the water-speci®c channels, such as AQP1, which appear to exhibit complete speci®city for water, even to the exclusion of protons, hydroxyls and other ions Zeidel et al., 1994) . Such selectivity must re¯ect a very precise arrangement of the protein mass around the channel. This suggests that there might be strong 3D structural features encoded in the aquaporin sequences.
A considerable number of genes in this family have been sequenced, and several members are being studied by electron crystallography (Cheng et al., 1997; Hasler et al., 1998; Li et al., 1997; Ringler et al., 1999; Walz et al., 1997) . This wealth of structural information just short of atomic models provides a unique opportunity to understand sequence-structure relationships of this family of membrane proteins.
Sequence analysis studies performed on the aquaporin family resulted in the de®nition of several subfamilies Park & Saier, 1996; Reizer et al., 1993) . These indicated two distinct clusters within the family, called the AQP and GLP clusters, and 16 subfamilies . Here, we derive more structural information from the available sequences to aid in interpreting the 4.5 A Ê 3D structure of AQP1 determined by electron crystallography (Mitsuoka et al., 1999) . While the main aim of our work was the assignment of helices to facilitate model building, the abundance of information in the aligned sequences fosters a proposition concerning the structure and function of the channel.
Results
All aquaporin sequences obtained from the sequence databases were aligned and the phylogenetic relationships established . The distribution of available sequences is highly biased, representing mostly mammals, a few plants and bacteria. To somehow compensate for this bias, the phylogeny was used to de®ned 46 type sequences, as reported by . The alignment with these 46 sequences was used to derive all of the sequence information reported here.
Internal sequence similarity
The aquaporins show a clear internal similarity between the ®rst and second halves of each sequence, with the dual NPA motifs being the most striking feature (Pao et al., 1991) . This prompted speculation that the archetype aquaporin sequence arose from gene duplication (Pao et al., 1991; Wistow et al., 1991) . Because no candidate for half an aquaporin sequence is known, it is instructive to establish whether the internal similarity predates divergence in the aquaporin family. Therefore, the whole alignment was divided at loop C (LC), the two halves of the alignment were aligned, and internal sequence identities calculated. Figure 1 compares the identities obtained between the sequence halves with pairwise identities across the aquaporin family. The phylogenetic divergence in the aquaporin family into the AQP and GLP clusters , most probably represents the ®rst event in the evolution of the structure and function of these proteins. The identities between sequences from different clusters (average 24(AE4) %) are signi®cantly higher than the internal identities (average 18(AE3) %), suggesting that the internal similarity predates the major divergence in the family. The structural signi®-cance is that the internal similarity should be re¯ected in the 3D architecture of all members of the family.
The core structure
Sequence segments associated with particular secondary structure are most likely to be highly conserved in contiguous stretches. In the alignment such stretches coincide with the six helices and the two highly conserved functional loops. The core structure is therefore considered to be composed of these segments, each represented in almost every sequence of the aquaporin family. Using the internal similarity (Figure 1 ) as a further constraint, the core segments were more narrowly de®ned as those occurring in both halves of each sequence, resulting in the truncation of core segments by zero to eight residues (Table 1) . These segments clearly de®ne the transmembrane helices of 21-24 residues in length and the functional loops B and E. They also encapsulate regions of the sequences considered to be typical of the family in the databases BLOCKS (Henikoff & Henikoff, 1991) and PRINTS (Attwood et al., 1997) (Table 1) . Figure 2 shows the topology of AQP1, with the six trans-membrane helices and two functional loops projecting into the plane of the membrane. This is consistent with the hourglass model and other topological studies on AQP1 (Preston et al., 1994a; Stamer et al., 1996) . The two short helices in LB and LE have been proposed based on the 4.5 A Ê structure of AQP1 (Mitsuoka et al., 1999) . All eight core segments are thus embedded in the membrane.
Sequences linking the core segments were examined to ®nd a consensus on the shortest length with reasonable representation in the alignment (again excluding one or two exceptions). Compared to the sequence for AQP1, the highly conserved loop B shows only one sequence shorter by Figure 1 . The identities between the two halves of each sequence (internal identities) compared to the intersequence identities of the two clusters in the aquaporin family. *, Within the AQP cluster; Â, within the GLP cluster;^, between clusters. Identity is expressed as the percentage of identical residues in a pair of aligned sequences divided by the length of overlap (i.e. the number of positions with residues in both sequences). Table 1 . Core segments derived from the alignment of the aquaporin family shown with respect to the AQP1 residues and compared with segments used in the PRINTS (Attwood et al., 1997) and BLOCKS (Henikoff & Henikoff, 1991) a LB(N), N-terminal non-conserved part of loop B linking to H2; LB(C), C-terminal non-conserved part of loop B linking to H3; LE(N), N-terminal non-conserved part of loop E linking to H5; LE(C), C-terminal non-conserved part of loop E linking to H6. The sum of hydrophobicity averages across the alignment for each segment compares with the minimum required for a transmembrane helix of $20 kcal/mol (Lee & Manoil, 1994) . The average information content for each segment compares with 1.95 bits/residue for the complete alignment and the general value of $4.3 bits/residue for a random alignment. one residue, YDP1 LACLC (a GLP from Lactococcus lactis), while for LE, BIB DROME (an AQP from Drosophila melanogaster) is the only shorter sequence, missing four residues (these are nontypical sequences in the aquaporin family). Loops A, C and D are shorter in the majority of sequences by 7, 3, and 2 residues, respectively, compared to AQP1. The shortest N terminus is that of AQPscy (an AQP from Synechocystis sp., P73809 in TREMBL) at the position of W11 in AQP1, with several other sequences only one residue longer. The shortest C terminus is that of GLPF STRPN (a GLP from Streptococcus pneumoniae), at the position of I230 in AQP1, with many others one to three residues longer. The termini outside the ®rst and last helices are therefore completely unnecessary in the core structure and may only be required for type-speci®c reasons, such as regulation of channel activity. Thus the core segments total 172 residues and the shortest possible loops 36 residues, giving the shortest sequence for the aquaporin architecture of 208 residues (Table 1 ).
An analysis of residue type conservation was done by calculating the informational entropy at every position in the alignment where a position with high conservation has low entropy. To represent this in Figure 3 , we used the sequence logos technique (Schneider & Stephens, 1990) where the entropy scale is reversed to show the``certainty'' of ®nding a residue at a particular position (calculated using the equation in the legend of Figure 3 ). For a random sequence the expected entropy is about 4.3 bits/residue (i.e. $log 2 20), while the average entropy over the aquaporin alignment is $2 bits/residue. The core segments and especially LB and LE show much lower entropy, consistent with higher conservation (Table 1) . As expected, the strong conservation of residues in the NPA motifs is immediately obvious; there is almost a signature in every segment. Most prominent are LB with SGxHxNPAVT, and LE with TGxxxNPARSFGPA (the most common residues in the alignment are given). Four of the segments feature strong helical motifs: H1, AEFxGTxxLVxxGxG; H4, ExxxTxxLxxxV; H3, YxxAQxxGAxxG and H6, WVYxxGPxxGAxxGAxxY. H2 and H5 show much weaker helical periodicity, with a prominent Gly residue in the middle of each helix, similar to the highly conserved Gly residues in H3 and H6.
In Figure 2 , those residues with an informational entropy below two bits are indicated as thickrimmed circles. The helices H1, H3, H4 and H6 show high conservation on one side, supporting their helical nature and suggesting that the conserved faces are turned towards the protein interior.
Figure 4(a) shows the agreement between the entropy and the average hydrophobicity, h j , smoothed over a 21-residue window to highlight features associated with stretches about the length of a core segment. The entropy curve has eight minima corresponding to the eight core segments (the two most pronounced minima are for LB and LE). The hydrophobicity curve shows seven maxima, coinciding with the six helical core segments and LB (Figure 4(a) ). Summing h j for each of the helical core segments indicates that they are suf®-ciently hydrophobic (>20 kcal/mol) to span the membrane (Table 1) . While LB is signi®cantly hydrophobic, its total hydrophobicity is too low and it is too short to span the membrane (Table 1) .
Amphipathic helices
The 3D structure of AQP1 determined by electron crystallography revealed a tetramer with each monomer consisting of a six-helix bundle with an additional X-shaped density within each bundle (Cheng et al., 1997; Li et al., 1997; Walz et al., 1997) . The helices lie in three rings in the tetramer, with the inner ring completely shielded from the lipid environment, the middle ring partially exposed to the lipid, and the outer ring completely exposed to the lipid on one face of each helix. In addition, one side of the X-density in each monomer is also exposed to the lipid. The amphipathicity of especially the lipid-exposed helices should be evident from the sequence alignment, as analyzed for residue conservation and hydrophobicity patterns. This follows an extensive literature on amphipathic helix analysis to determine helix orientation in membrane proteins (Donnelly et al., 1994; Eisenberg et al., 1984; Finer-Moore & Stroud, 1984) . Similar principles of conservation and hydrophobicity were used in the prediction of helix orientation in the G-coupled receptors (Baldwin, 1993; Baldwin et al., 1997) . However, instead of simple visual inspection, we chose to use a periodic analysis of the sequence alignment (a Fourier transform at a typical helical repeat frequency).
Examination of the average hydrophobicity of the aligned residues along the core segments suggested a periodicity of about four residues. This periodicity is similar to that found for the righthanded glycophorin A helices (Lemmon et al., 1992) . The tetramer of AQP1 shows ®ve righthanded and two left-handed helix-helix crossing angles per monomer. Attempts to distinguish the handedness, presumably encoded in the sequence, (p 4 for right-handed and p 3.5 for left-handed crossing angles in equation (3)) did not yield any Figure 3 . Sequence logos reveal the conservation of residues at particular positions in the sequence. The core segments of the sequence alignment were converted to sequence logos (Schneider & Stephens, 1990) and shown with the residue numbers for AQP1. The ®ve positions (P1-P5) that were found by Froger et al. (1998) to be different between the two clusters are given in italics in circles. The scale gives the certainty of ®nding a particular amino acid type at each position, and is related to the entropy as R seq log 2 20 À H À c(m), where c(m) is a correction factor for small sample size m. (Sequence logos were generated using the``WebLogo'' facility of Steven E. Brenner at http:// www.bio.cam.ac.uk/seqlogo.) Colours: grey, hydrophobic; pink, polar; green, amide; red, acidic; blue, basic. The informational entropy periodicity amplitude shows six clear peaks associated with the six helices, ranked in decreasing peak amplitude as H3 > H6 > H1 > H4 > H5 > H2 (Figure 4(b) ). The functional loops exhibit low entropy periodicity, as expected of a region with low variability. In contrast, the hydrophobic periodicity reveals only ®ve clear peaks associated with the core segments, with a ranking of H1 > LE > H3 > H4 > H6. The two remaining small peaks correspond to LA and LD, rather than H2 and H5, respectively. The hydrophobic periodicity increases in the C-terminal half of LB, suggestive of helical character. H2 and H5, are concluded to have the least amphipathic character, as expected for the helices of the inner ring. The amphipathicities of H1 and H4 are clearly shifted towards their N termini, consistent with a partial exposure to the lipid environment. H3 and H6 exhibit the strongest amphipathicity based on residue conservation, making them prime candidates for the lipid-exposed helices.
Structural Clues in the Aquaporin
The absolute values for the phases given in Figure 4 (c) are arbitrarily related to the aligned sequence position, while the real information lies in the relative differences. The variance in phase within each helical core segment is relatively small (3-17 for entropy periodicity and 5-53 for hydrophobic periodicity), indicating a good coherence of amphipathic character. The average phase differences between entropy and hydrophobic periodicity range from 133 to 178 for all the helical segments, consistent with general opposition of residue conservation and hydrophobicity. This is evident in more detail in Figure 2 , where the consistently hydrophobic residues (shown with gray backgrounds) and highly conserved residues (shown with thick rings) are in general located on different faces of the helices.
In contrast, LB and LE show a high degree of variability in the entropy phase (73 and 76 , respectively) and a low degree of variability in the hydrophobic phase (5 and 4 , respectively). These results are consistent with the high conservation but low entropic periodicity in the functional loops. The high hydrophobic periodicity associated with LE ( Figure 4(b) ) and the phase difference between the entropy and hydrophobic phases strongly indicate helical character. This agrees with the interpretation of the AQP1 structure, where LB and LE are thought to form two short helices exposed to the lipid (Mitsuoka et al., 1999) .
Taken together, this analysis gives solid evidence for the likely orientations of H1, H3, H4 and H6, with their hydrophobic sides facing the lipid bilayer core. It is therefore striking to ®nd highly conserved hydrophobic residues in the middle of H1 and H4 (L/F24 and L149) located on the same side as the Glu and Thr residues (Figure 3 ). These conserved residues are thought to be pointing into the interior of the aquaporin monomer, with signi®cant structural and functional roles.
Correlated mutation analysis
Correlated mutations of residues are considered to represent compensating changes in the protein structure to preserve functionality. The algorithm used here was reported to be $50 % effective in predicting residue contacts (Go È bel et al., 1994) . In an attempt to improve the likelihood of predicting correctly, we coupled correlated mutation analysis to an estimated distance between residues along the membrane normal (z-distance), derived from the known transmembrane topology of AQP1 ( Figure 5(a) ). About 60-70 % of all possible residueresidue correlations are eliminated based on a high z-distance (>10 A Ê ). High-scoring correlations (darkest spots in Figure 5 (a)) tend to have smaller z-distances (i.e. falling on the gray zones in Figure 5 (a)), although the correlation is so weak that application of the z-distance constraint is still required. Particularly prominent are correlations between the functional loops E and B, and H3, H4, H5 and H6, while H1 and H2 show only low-scoring correlations.
In attempts to reconcile the correlated mutation patterns with possible helix arrangements, it became clear that the interpretation is more complex than simply indicating residue contacts. Closer examination of the origin of high scores revealed certain systematic features, in particular associated with highly conserved residues. The ®rst type of a high score results from a single exceptional sequence, casting doubt on its statistical signi®cance. However, these correlations are suggestive, with the interaction of LB and LE the most interesting ( Figure 5(b) ). Other type 1 correlations lie roughly on the same plane in the center of the bilayer, including residues G104, T146 and P216. Establishment of the signi®cance of these details awaits the availability of more sequences.
The second type arises from a small number of sequences, notably GLP sequences from the Mycoplasma spp., YDP1 from Lactococcus lactis, and FPS1 from yeast. In Figure 5 (a), the upper triangle gives the correlated mutation scores for the whole aquaporin family (46 sequences), while the lower triangle gives the scores without these ®ve sequences. It is clear that correlations associated with LB are mostly contributed by these sequences, in particular residues I70-S71-G72, Y97 and Y227, as well as I172-G173 and G219. These patterns probably result from a large difference in structure compared to the other aquaporins, and cannot be interpreted as contacts.
The third type mainly includes residues distinctive of the two clusters in the aquaporin family, representing the most useful information (Figure 5(b) ). Correlations between S196, A200 and F212 agree with those found by correspondence analysis by Froger et al. (1998) (Figure 3 , residues Structural Clues in the Aquaporin Sequences labeled P2, P3 and P4, respectively). Additional residues correlated with the clusters are H180, T187, E142 and T80. While direct contacts are more likely for this type of correlation, at least these residues are most probably buried within the protein and not exposed to lipid, where some of the correlations may indeed indicate direct contacts.
Discussion
Considerable consensus exists on the structural architecture of the aquaporins. First, the six-helix model for the aquaporin monomer is supported by sequence analysis Gorin et al., 1984; Park & Saier, 1996; Preston & Agre, 1991) , topology determination Preston et al., 1994; Stamer et al., 1996) and the 3D structure of AQP1 (Cheng et al., 1997; Li et al., 1997; Mitsuoka et al., 1999; Walz et al., 1997) . Second, the projection of LB and LE into the core of the protein (the hourglass model) was suggested by mutagenesis data , a feature now clearly resolved at 4.5 A Ê in the 3D map of AQP1 (Mitsuoka et al., 1999) . Third, analytical ultracentrifugation, freeze fracture, single particle analysis, scanning transmission electron microscopic mass analysis and electron crystallography of several members of the family indicate a tetrameric biological unit (Beuron et al., 1995; Hasler et al., 1998; Ko È nig et al., 1997; Ringler et al., 1999; Smith & Agre, 1991; Verbavatz et al., 1993; Walz et al., 1994) . The reports of monomeric GlpF from E. coli (GLPF ECOLI), and the monomeric status of some functional AQPcic mutants (AQPcic is an AQP from Cicadella viridis, g1279358 in GENBANK) (Lagre Âe et al., 1998 (Lagre Âe et al., , 1999 ) need yet to be con®rmed by direct structural studies. Mutagenic data convincingly showed that the tetrameric organization is required for function (Mathai & Agre, 1999) and that there are four channels per tetramer (Shi et al., 1994) .
Here, we report on an extensive analysis of the aquaporin family sequences to derive constraints on the 3D structure. It must be noted that the conclusions drawn here are highly speculative, providing working models that should be tested in future structural studies. Clearly the efforts to derive structural information from G-coupled receptor sequences (Baldwin, 1993; Baldwin et al., 1997) have contributed to the design of mutagenesis and other experiments.
Sequence relationships and classification
The 3D structural fold of a protein family is now commonly considered to be much more conserved than the sequences in that family (Chothia & Lesk, 1986) . A large amount of structural information can therefore be extracted from the sequences, provided a good alignment is produced. The quality of the alignment of the aquaporin sequences was based mainly on visual inspection, and may still include non-optimal regions. However, phylogeny analysis based on this alignment suggests that it represents the true relationships between the sequences .
The aquaporin family sequences display two undisputed characteristics: (a) There is a clear-cut division between the AQP and GLP clusters Park & Saier, 1996); there is a signi®cant similarity between the two halves of each aquaporin sequence (Pao et al., 1991) (Figure 1 ). Based on sequence identities, a hypothetical ancestor of the aquaporin family prior to the divergence of the clusters already featured this internal similarity. Therefore, we cannot distinguish whether the internal similarity arose from gene duplication (Pao et al., 1991; Wistow et al., 1991) or convergent evolution. Gene duplication implies an early precursor with three transmembrane helices. At present no candidate for such a precursor has been proposed. Another problem with the evolutionary precursor hypothesis is that the two halves of an aquaporin sequence are topologically oriented in opposite directions in the membrane. Any such half-sequence precursor most likely did not have an aquaporin-like channel function. In contrast, convergent evolution of the two sequence halves implies that the internal sequence similarity is closely linked to structure-function relationships.
It is well known from physiological data that some members of the AQP family have a very high speci®city for water, while others also allow the passage of larger non-ionic compounds such as glycerol and urea (Echevarria et al., 1996; Heller et al., 1980; Maurel et al., 1994) . It is therefore tempting to associate this apparent functional distinction with the phylogenetic clusters, as strongly suggested by Froger et al. (1998) . That this picture is too simple is emphasized by the absence of plant sequences in the GLP cluster, while AQP0 (MIP or major integral protein of the eye lens) (Kushmerick et al., 1998) , an aTIP (tonoplast intrinsic protein from tobacco) (Gerbeau et al., 1999) and NIPgly (nodulin-26 from soybean, NO26 SOYBN) (Rivers et al., 1997 ) also transport glycerol. The two clusters are therefore unlikely to represent strict functional distinctions. Also, while the fundamental design apparently remained unaltered through evolution (six helices around two central loops, see below), functional diversity based on subtle structural changes may have developed several times and in different taxonomic groups.
In their elegant analysis, Froger et al. (1998) attempted to distinguish the two clusters in the AQP family based on ®ve particular amino acid residues, called P1-P5 (Figure 3) . The position P1 corresponds to T116 in AQP1 and in general (but not exclusively) is non-aromatic in the AQP cluster and aromatic in the GLP cluster. The most prominent exception to this rule is the NIP subfamily, all displaying a Phe residue in this position (note: the nodulin-26 sequence given by Froger et al. (1998) is a gTIP type protein ). Positions P2 and P3 just follow the NPA motif in loop E and form a D-K or D-R pair in the GLP cluster, while the corresponding residues in the AQP cluster are usually small and uncharged (S196 and A200 in AQP1). Especially P2 is most distinctive, with only Asp in the GLP cluster, while the AQP clusters mostly have a Ser, as well as also Thr and Ala residues. The positions P4 and P5 are mostly aromatic in the AQP cluster (F212 and W213 in AQP1), with P4 usually a Pro residue in the GLP cluster. These features are interesting and must be taken into account for 3D model building, but the best distinction between the clusters is still derived from a phylogenetic analysis which encodes all relationships .
The core structure and membrane insertion
The structure of the AQP1 tetramer determined by electron crystallography exhibits 24 helical densities arranged in four right-handed six-helix bundles (Figure 6 (a)) (Cheng et al., 1997; Li et al., 1997; Mitsuoka et al., 1999; Walz et al., 1997) . Within each bundle another X-shaped density spans the membrane, inserted between the two highly tilted helices on the outer edge of the tetramer. Two legs of the X-density face the lipid environment, each having a shape and size consistent with a short helix (labeled LB and LE in Figure 6(b) ). Together, these form the equivalent of a transmembrane helix with a strong kink in the middle (Mitsuoka et al., 1999) . The X-density is interpreted as the two functional loops B and E, with the two NPA motifs located at the center of the monomer, each followed by a short helix of about seven to ten residues. This motif of a loop and helix projecting into the plane of the membrane is also found in the potassium channel, although there the helix precedes the loop (Doyle et al., 1998) . Additionally, the sequence NPA scores high for the N-terminal end of a helix, with the Asn the N-cap residue (Dasgupta & Bell, 1993; Richardson & Richardson, 1988) .
Rigid parts of the 3D structure of proteins, such as a-helices and û-sheets, should be highly conserved at least in the sense of having the required number of residues for each such rigid segment. A total of eight segments in the alignment of the aquaporin sequences were found to consist of contiguous regions, suggesting eight core substructures corresponding to the six helices and two functional loops (Table 1 ). The interlinking loops between such rigid parts must be of minimal length to satisfy 3D constraints in folding. The minimal lengths for most of the loops range from two to six residues, with the exception of LC which is at least 16 residues (Table 1) . These minimal lengths are somewhat shorter than those found for the G-coupled receptors (Baldwin et al., 1997) . Considering these eight core segments and the minimal interlinking loops, the aquaporin core structure consists of 172 residues, with a further 36 residues required in interlinking loops.
The minimum total hydrophobicity required for a transmembrane a-helix to insert into the bilayer is approximately 20 kcal/mol (Engelman & Steitz, 1981; Lee & Manoil, 1994; Liu et al., 1996) . It was found that six of the eight core segments de®ned for the aquaporin sequences show a total average hydrophobicity above 20 kcal/mol (Table 1) , in complete agreement with the six helices observed in the 3D structure (Walz et al., 1997) . The low total hydrophobicities of the loop B and E segments only indicate that they are not transmembrane segments. However, the subsegments corresponding to the short helices in LB (A78-S86) and LE (F197-T203) show hydrophobic sums of 17.6 and 6.1 kcal/mol, respectively. Together, these short helices form a structural unit hydrophobic enough to span the membrane.
Helix assignment using sequence analysis and the 3D structure After insertion of the aquaporin polypeptide into the membrane, the six helices and two loops of each of four monomers must pack into a functional tetramer (Figure 6(a) ). The arrangement of densities in the tetramer can be described as three concentric rings of helices. The inner eight helices (labeled i in Figure 6 (a)) form a bundle with alternating right and left-handed crossing angles. The middle ring of eight helices (labeled m in Figure 6 (a)) are more tilted, each with one end exposed to the membrane lipid. The outer ring consists of eight highly tilted trans-membrane helices and four pairs of short helices interpreted to be parts of loops B and E (all labeled o in Figure 6 (a)). All these helices have one face exposed to the lipid environment.
Apart from the 24 transmembrane helices in the AQP1 3D map, the X-shaped densities in the outer ring are the only features that could be assigned to the short helices in the functional loops. LE shows strong amphipathicity consistent with a short amphipathic helix located on the edge of the tetramer, while its high degree of conservation means low entropy periodicity (Figure 4(b) ). In contrast, the periodicity of LB is rather low, but it is the more hydrophobic of the two short helices (Figure 4(a) ), suggesting that the C-terminal half may face the lipid environment.
The long tilted transmembrane helices in the outer ring are expected to show both hydrophobic and entropy periodicity. From the ranking of core segments in Figure 4(b) , the transmembrane helices exhibiting the highest entropy periodicity are H3 and H6, while H1 and H3 have the highest hydrophobic periodicity. The assignment to an``o'' helix of H3 is, therefore, apparent. The striking similarity between H3 and H6 in the pattern of conservation evident from Figure 3 suggests that H6 should be the other o helix. The hydrophobic periodicity of H6 is marginal due to the prevalence of hydrophobic residues in the center of H6 on all faces, also leading to its higher hydrophobicity compared to H3 (Table 1) . However, strong correlation between residues in H3, H6, LB and LE further supports the conclusion of a close association in 3D space ( Figure 5 ). These considerations and the strong entropy periodicity of H6 suggest that it indeed is one of the outer helices (Figure 6(a) ).
After assigning H3 and H6 to the outer ring, H1 and H4 are left as the transmembrane helices with the most prominent periodicities, both entropy and hydrophobic (Figure 4(b) ). Their periodicity peaks are shifted towards their N termini, associated with the ExxxT motifs (Figure 3) , implying that these ends are exposed to the lipid with the Glu and Thr turned towards the protein interior. In the 3D map, the helices in the middle ring each have one end exposed to the lipid (Figure 6 ), suggesting these to be H1 and H4.
The remaining two helices, H2 and H5, are associated with hydrophobic periodicity valleys, expected of buried helices (Figure 4(b) ). The entropy periodicity is signi®cantly higher, presumably indicating packing constraints. These core segments are also the shortest of the transmembrane helices (Table 1) , consistent with the shortest and least tilted helices of the inner ring in the 3D map ( Figure 6 ).
In summary, this analysis assigns the outermost helices to H3 and H6, the innermost bundle to H2 and H5, and the intermediate ring to H1 and H4 (Figure 6 ). The short interlinking loops between H1 and H2, and H4 and H5, suggest that these are pairs of interacting helices. In addition, the apparent exposure of the N termini of H1 and H4 to the lipid yields a unique relationship between H1, H2, H4 and H5, as well as LB and LE (Figure 6 ). The internal sequence similarity appears to be re¯ected in the pseudo-2-fold axis in the membrane plane apparent in the 3D structure (Cheng et al., 1997; Li et al., 1997) . Therefore, the sequence analysis cannot distinguish sidedness, and the helix assignment presented here is valid for both orientations.
A previous helix assignment was made only considering some of the loop densities apparent in the 6 A Ê map of AQP1 and the sidedness indicated by metal shadowing and proteolytic digestion of the C terminus (Walz et al., 1996) . In particular, H2 was assigned to a helix facing the lipid, clearly in con¯ict with its minimal periodicity (Figure 4(b) ). In addition, if H2 is assigned to the outer ring of helices, it is dif®cult to reconcile it with the demonstrated incomplete glycosylation of a tetramer van Hoek et al., 1995) . With the new assignment, H2 lies close to the center of the tetramer, and glycosylation on one monomer would likely clash with a glycosyl group on any other monomer in the tetramer, thus explaining the incomplete glycosylation.
While the new assignment resolves some problems, it requires that LC crosses over LE on the extracellular side. Conceptually it is dif®cult to understand how the protein folds after insertion into the membrane when two such loops cross. The minimal length of LC of 16 residues (Table 1) may thus be a necessity for the aquaporin fold.
Fine details deduced from sequence analysis
The analyses of residue conservation, as shown in Figure 3 and correlated mutations in Figure 5 , reveal a large number of ®ne details that must have structural and/or functional implications. The interpretation of the correlated mutations is particularly dif®cult, because it re¯ects evolutionary trends as much as structural and functional constraints. Even correlations resulting from structural constraints may be due to complex patterns of packing, with compensating interactions distributed over several sites. In addition, the small sample size with signi®cant bias further complicates interpretation. Nevertheless, some interesting observations emerge from the analysis. Figure 6 . Assignment of the helices in the AQP1 tetramer and important residues derived from conservation patterns. (a) The AQP1 tetramer consists of three rings of helices, labelled i (inner), m (middle) and o (outer). The helices within a monomer all show right-handed crossing angles, while the inner and middle helices form left-handed crossing angles with the helices from neighbouring monomers. The pseudo-2-fold axis is indicated in one monomer by the arrow. (b) Helices are oriented so that highly conserved residues point towards the likely location of the water channel (gray circle). The two NPA motifs are shown in the middle, thought to cross over at the N termini of short helices in loops B and E. The hydrophobic residues on H1 (F) and H4 (L) are proposed to lie close to the water channel. The cylinders correspond to helical densities in the 4.5 A Ê structure of AQP1 (Mitsuoka et al., 1999) .
A key but tenuous result (i.e. based on only two deviations from otherwise conserved residues) is the correlated mutation of LB with LE in the pairs P77-A194 and A78-P193, which suggests an antiparallel association of the loops (Figure 5(b) ). Each case concerns a single exceptional sequence giving rise to the correlation: the ®rst is human and mouse AQP7 with the two loops (76-80 and 192-196) as NAAVT and NPSRD, and the second is FPS1 (a GLP from yeast) with NPSIT and NLARD. This is consistent with the hourglass model, which predicts that the NPA motifs are close to each other in the middle of the monomer (Figure 6(b) ) .
It is clear that most of the correlations are grouped around the two functional loops (Figure 5 ). On the cytoplasmic side, the correlations of LB with H3, H5 and H6 appear to have special signi®cance for the GLP sequences from Mycoplasma spp., YDP1 from Lactococcus lactis and FPS1 from yeast. at the beginning of LB is strongly correlated with Y97 in H3 and Y227 in H6. There is some correlation between the ISG motif and a cluster, I172-G173 in H5 and G216 in H6, much closer to the middle of the membrane. This is dif®cult to explain as contacts, especially because most of the side-chains are small (Ser) or absent (Gly). LB and the helices close to it are thus expected to have a signi®cantly different structure compared to the other aquaporins.
LE is clearly differentiated between the AQP and GLP clusters in the aquaporin family, giving rise to a number of correlations ( Figure 5 ). Sequence signatures based on LE give the best distinction between the two clusters (unpublished results). The C-terminal helical part of LE is associated with H6, the residues S196, A200 and F212 amongst the ®ve identi®ed by the correspondence analysis by Froger et al. (1998) . Notable are the highly conserved residues S196 and A200, which are mostly Asp and Arg, respectively, in GLP cluster proteins. The mutation of the residues in AQPcic (an AQP from Cicadella viridis) corresponding to F212 and W213, to the typical GLP cluster residues, Pro and Leu, made the channel permeable to glycerol (Lagre Âe et al., 1999) . The correlation of S196 and A200 with F212 determines the most probable orientation of the LE helix and H6 and may represent actual contacts. The correlations of this group with H180 and between E142 and H80 appear to be long-distance relationships associated with the divergence of the two clusters.
While the correlated mutation analysis highlighted a few residues, mostly associated with LB and LE, Figure 3 shows residues with interesting patterns of conservation throughout the core structure. Several of these did not give high correlations, while inspection of the alignment suggested some signi®cance.
Four of the helices (H2, H3, H5 and H6) predominantly have Gly residues in the middle, consistent with close helix packing at the helical crossovers (Figure 3) . Small residues are commonly involved in helix-helix packing in soluble proteins (Walther et al., 1996) and membrane proteins (Lemmon et al., 1994) . The strong periodicity in H3 and H6 with a small residue at every fourth position in the motifs, AQxxGxxxA and GPxxGxxxA, provides constraints for the orientations of these helices. If these small residues are involved in helix-helix interactions (i.e. with H1 and H4), this would position Q101 and P216 towards the short helices in loops B and E and provide a reason for their conservation. Consistent with this orientation, G104 in H3 is correlated with H74 in LB (although based on only one sequence exception, Figure 5(b) ). The prominent Gly residue in H2 and H5 may also be involved in helix-helix interactions, allowing tight packing due to their small sizes. Because the periodicity of H2 and H5 is very weak, these Gly residues provide the only constraint for the orientation of H2 and H5.
In contrast to the helices with small residues at their centers, H1 and H4, have without exception larger hydrophobic residues in the middle (at positions 24 and 149 in Figure 3 ). In addition, these residues follow the polar residues at positions 17/ 142 and 21/146 in helical register, suggesting that the hydrophobic side-chains are not exposed to the lipid bilayer. Closer inspection showed that a Phe residue occurs at position 24 in 17 AQP sequences and only one GLP sequence, while a Leu residue occurs in eight AQP sequences and 16 GLP sequences. Leu residue occurs in 40 sequences at position 149, changed to a Phe residue in three sequences where there is a Leu residue in position 24. Thus, while the AQP sequences have FL, LF and LL at these sites, the GLP sequences favour LL. The only sequence with two aromatic residues in these positions is AQP0 (or MIP, the major intrinsic protein from the eye lens) with YF. Interestingly, AQP0 and AQP6 both have a Tyr residue at position 24 and they both show pH-sensitive activity (Cahalan & Hall, 1999; Yasui et al., 1999a, b) . It is therefore speculated that these residues are functionally important and may be close to or line the water channel.
Aromatic residues are considered to locate preferentially at the lipid headgroup regions (LandoltMarticorena et al., 1993; Sipos & von Heijne, 1993) . The most prominent aromatic residues in the aquaporin family are located in a small cluster at the N terminus of H6, WxFW in AQP1 (Figure 2 ). Other highly conserved aromatic residues include Y97 at the start of H3 (corresponding to the cluster in H6), and Y227 at the end of H6 (Figures 5(b) and 6(b)).
The highly conserved polar residues thought to be involved in the channel function were proposed to be the Asn residues of the NPA motifs, the Glu residues in H1 and H4, and the Gln residue in H3 (Heymann et al., 1998 ). The three amides would then be located in the middle of the membrane plane where the two functional loops meet. The adjacent region just towards the tetrameric fourfold axis and in the middle of the six-helix bundle is considered to be the most likely course for water passage through the molecule. Various other polar residues are evident from Figure 3 , such as the Thr residues in H1 and H4, S71, H74 and T80 in LB, T187, R195 and S196 (Asp in GLP proteins) in LE, Y97 in H3, and the aromatic cluster at the top of H6 and Y227 in H6 (Figure 6(b) ). The location of the basic residues H74 in LB and R195 in LE should be well within the membrane, fostering speculation that they might be forming salt bridges. Candidates for salt-bridging partners are the highly conserved Glu residues in H1 and H4. Together with the prominent hydrophobic residues at positions 24 and 149, parts of the aquaporin structure that potentially line the channel are emerging. The exact roles of these residues will only be determined from better structural and functional information.
Conclusion
The aquaporin family of non-ionic channel proteins are tetramers, each monomer with eight highly conserved core segments forming a unique architecture of six transmembrane helices, and two short helices in the two functional loops. Together with the minimal interlinking loop lengths, the total core structure requires only about 208 residues. While the existence and locations of the eight core segments are well established (Table 1) , their exact delimitation is only accurate to within three to four residues, which accounts for about 70 % correct residue assignment (i.e. similar to typical secondary structure prediction).
The pattern of conserved residues in the aquaporins strongly favour a 2-fold symmetry relationship in the structure within the monomer. This is consistent with the 3D map of AQP1, where each monomer shows a pseudo-2-fold axis.
Transmembrane helices in the 3D map of AQP1 were assigned based on periodicity of hydrophobicity (i.e. amphipathicity) and residue conservation. The low periodicities of H2 and H5 suggest they form the inner ring of helices of the tetramer, not exposed to the lipid. The strong periodicities of H3 and H6 place them at the periphery of the tetramer, together with the short helices in loops B and E. H1 and H4 form the intermediate ring of helices, with their N termini exposed to the lipid. In addition, the periodicities predict the orientations of the helices, with the exception of H2 and H5. This assignment is based on the best evidence available, and needs to be tested by structural and/or biophysical studies.
Correlated mutation analysis further indicated the importance of LB and LE. Correlated residues on the extracellular side (including those in LE) are associated with the distinction between the AQP and GLP clusters in the aquaporin family, while correlations within LB and related residues are based on ®ve exceptional sequences. Nevertheless, details of residue interactions are highly speculative and await further study.
The NPA motifs in LB and LE are generally considered most important for function. However, the occurrence of conserved residues throughout the core structure indicates other essential residues. In particular, the motifs in H1 and H4, ExxxTxxL, appear to be closely associated with LB and LE, with the conserved hydrophobic residues possibly lining the channel in the middle of the membrane.
Materials and Methods

Sequence alignment and selection
More than 300 records of aquaporin sequences were retrieved from Genbank, SWISS PROT, EMBL and the genome databases, representing $164 unique sequences (differences of one or two amino acid residues were considered to represent point mutations, polymorphisms or sequencing errors, and only one of these was included in further studies). These were aligned with CLUSTAL W (Thompson et al., 1994) with some manual manipulation to improve the alignment score. Phylogenetic analysis was done with the PHYLIP package (Felsenstein, 1993) , and the sequences de®ned as belonging to the same type if they show phylogenetic distances less than 0.15. From each such set a type sequence was selected to use in sequence alignment analysis, yielding 46 aquaporin types. The phylogeny and nomenclature are reported elsewhere .
Alignment analysis
A core segment is de®ned as a contiguous stretch of sequence present in essentially all family members, with exceptions considered either as non-functional proteins or resulting from experimental error. A total of eight core segments were found for the aquaporins, constituting the six transmembrane helices (H1 to H6) and the two functional loops B (LB) and E (LE). Major exceptions include GLPF MYCGA (a GLP from Mycoplasma gallisepticum) which lacks half of H5 and all of H6, and BIB DROME (an AQP from D. melanogaster) which lack four residues from LE. Minor exceptions lack a single residue and derive from only one or two sequence types in the whole alignment.
Identities between pairs of sequences were expressed as the number of identical residues divided by the overlap (i.e. the number of positions in the alignment with residues in both sequences). The whole alignment was divided at loop C and the two halves aligned by hand according to the corresponding core segments, calculating the identities between sequence halves, as was done with whole sequence pairs.
The informational entropy at position j in the alignment is calculated from the probability, p jk , of ®nding residue type k (out of the 20 possible residues) at position j (excluding gaps):
The core segments were converted to sequence logos, where the scale is related to the information entropy as R j log 2 20 À H j À c(m) , and c(m) is a correction factor for small sample sizes or number of sequences, m (Schneider & Stephens, 1990) .
The average hydrophobicity was calculated for each position j in the alignment of the m aquaporin sequences, using the GES hydrophobicity scale for h ij (Engelman et al., 1986) :
Fourier analysis of hydrophobicity and informational entropy was applied to the alignment as: Because the AQP1 structure shows helix-helix packing mostly with right-handed crossovers, a periodicity p 4 and a window w 16 was used to determine the helical periodicity magnitude and phase.
Correlated mutation analysis (Go È bel et al., 1994 ) was applied to the alignment using the following measure: where s ikl is the similarity of residues (using the BLOSUM62 amino acid substitution matrix; Henikoff & Henikoff, 1992) in sequences k and l at position i in the alignment, hs i i is the average and s i is the standard deviation for each position i calculated for every pair kl of the m sequences. The weight, w kl , is equal to 1 À identity (de®ned above) to decrease the in¯uence of highly similar sequence pairs. The correlated mutation analysis was compared to likely interactions between amino acid residues in AQP1 based on their depth within the membrane as derived from topology. The helical core segments were assumed to be centered in the middle of the membrane, z 0, and extended to give a rise of 1.5 A Ê per residue (resulting in lengths of 31-36 A Ê for the helices). The NPA motifs in LB and LE were assumed to be at z 0. Using these anchor points, z values were calculated for all residues by interpolation. A score was calculated from the distance between two residues along the membrane normal, Áz ij , as a Gaussian function:
where s is a width parameter set to 7.5 A Ê .
